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ABSTRACT
We perform two-dimensional hydrodynamical simulations of slowly rotating accre-
tion flows in the region of 0.01 − 7 pc around a supermassive black holes with
MBH = 10
8M. The accretion flow is irradiated by the photons from the central
active galactic nucleus (AGN). In addition to the direct radiation from the AGN, we
have also included the “re-radiation”, i.e., the locally produced radiation by Thom-
son scattering, line and bremsstrahlung radiation. Compare to our previous work, we
have improved the calculation of radiation force due to the Thomson scattering of
X-ray photons from the central AGN. We find that this improvement can significantly
increase the mass flux and velocity of outflow. We have compared the properties of
outflow — including mass outflow rate, velocity, and kinetic luminosity of outflow — in
our simulation with the observed properties of outflow in AGNs and found that they
are in good consistency. This implies that the combination of line and re-radiation
forces is the possible origin of observed outflow in luminous AGNs.
Key words:
accretion, accretion discs – hydrodynamics – methods: numerical – galaxies: active –
galaxies: nuclei.
1 INTRODUCTION
It is believed that AGN feedback plays an important role in
the formation and evolution of their host galaxies (Fabian
2012; Kormendy & Ho 2013). The most remarkable obser-
vational evidence is the strong correlation between the mass
of the supermassive black holes (SMBHs) and the properties
of the host galactic bulge, such as luminosity (Kormendy &
Richstone 1995), velocity dispersion (Gebhardt et al. 2000;
Ferrarese & Merritt 2000; Tremaine et al. 2002; Gu¨ltekin et
al. 2009; Graham et al. 2011), and stellar mass (Magorrian
et al. 1998; Marconi & Hunt 2003; Ha¨ring & Rix 2004). The
importance of AGN feedback has also been confirmed by
many theoretical studies especially numerical simulations,
from cosmological to galactic scales (see e.g., Ostriker et al.
? E-mail: mosallanezhad@ustc.edu.cn
† E-mail: fyuan@shao.ac.cn
2010; Gan et al. 2014, 2019; Yuan et al. 2018; Yoon et al.
2018; Li et al. 2018).
The three kinds of outputs from AGNs are radiation,
jet, and wind. Especially, it has been found that wind plays
an important role in AGN feedback (e.g., Ostriker et al.
2010). When the accretion rate of AGN is low, the accretion
and feedback are in the hot mode. In this case, wind is driven
by the combination of thermal and magnetic forces and the
mass flux of wind can be much larger than the net accretion
rate (e.g., Blandford & Begelman 1999; Yuan et al. 2012a,b;
Narayan et al. 2012; Li et al. 2013; Yuan et al. 2015; Bu
et al. 2016; Mosallanezhad et al. 2016). This kind of “hot”
wind has been confirmed by observations (e.g., Wang et al.
2013; Tombesi et al. 2014; Homan et al. 2016; Cheung et al.
2016; Ma et al. 2019) and found to play an important role
in AGN feedback (e.g., Weinberger et al. 2017a; Yuan et al.
2018).
In the case of the cold accretion mode, a wind can be
driven by the AGN radiation and magnetic field of the ac-
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cretion disc. In this paper we will focus on the radiation
mechanism. If the gas is fully ionized, radiation exerts a
force on the gas through Thomson scattering. In the case
of partially ionized gas, the cross section of interaction be-
tween UV photons and the gas can be several thousands of
times larger than that of Thomson scattering (e.g., Proga
et al. 2000; Proga 2007a; Proga et al. 2008; Korusawa &
Proga 2008, 2009). Therefore, line force can be significantly
stronger than the radiation force due to Thomson scattering.
Following this line, Korusawa & Proga (2009) (hereafter
KP09) have presented hydrodynamical simulations to inves-
tigate the interaction between radiation and slowly rotating
gas at parsec (pc) scale. Their computational domain cov-
ers a range from ∼ 10−2 to 7 pc. They assumed that when
gas falls into the region < 10−2 pc, an accretion disc will
be formed. A spherical hot corona is assumed to be present
above the disc and is responsible for the X-ray radiation of
the AGN. The total accretion luminosity is self-consistently
determined by calculating mass accretion rate at the inner
boundary of the computational domain and by assuming a
canonical radiative efficiency of the standard thin disc. The
X-rays radiation will ionize the accretion flow at pc scale,
and will also produce a radiation pressure through Thom-
son scattering. For the optical/UV photons from the AGN,
in addition to the radiation force due to Thomson scatter-
ing, they will also interact with partially ionized gas and
exert a much stronger line force.
In KP09 and other similar previous works, the authors
only considered the radiation directly coming from the cen-
tral AGNs. In reality, the locally generated photons through
scattering, bremsstrahlung and line radiation in the gas far
away from the AGN can also play an important role. The
radiation force due to the locally generated photons is called
“re-radiation” force. Liu et al. (2013) investigated the effects
of re-radiation force on the dynamics of the flow at parsec
scale and found that the accretion flow becomes thicker due
to the additional vertical component of the re-radiation force
and the outflow becomes stronger consequently.
For calculating the radiation force due to the Thomson
scattering of X-ray photons from the central AGN, KP09
made use of F = FXκes/c (FX is the X-ray flux, κes is
Thomson scattering opacity, c is the speed of light). However
in Liu et al. (2013), the author used another formula to
calculate this force. The formula adopted in Liu et al. (2013)
is that F = E˙/(ρc), with E˙ being the Compton heating
rate, and ρ is the gas density. We think the formula used
in Liu et al. (2013) does not correctly represent the force
due to the Thomson scattering. For instance, this force will
be incorrectly equal to zero if the “Compton temperature”
is equal to the gas temperature. Therefore, in the present
paper, we use the same formula adopted in KP09 to calculate
the radiation force due to the Thomson scattering of X-ray
photons from the central AGN. We will make this correction
and investigate how the result will be changed compared to
Liu et al. (2013).
There is some observational evidence for AGNs with
sub-Eddington luminosity. For instance, Kollmeier et al.
2006 in a study on 407 AGNs in the redshift range Z ∼
0.3 − 4 has found that the most of the AGNs in the sam-
ple are sub-Eddington. Indeed, they described the luminos-
ity distribution of the estimated Eddington ratios by log-
normal which the maximum value is Lbol/LEdd ≈ 1/4 (Lbol
and LEdd being bolometric and Eddington luminosity, re-
spectively. Steinhardt & Elvis 2010 used a large sample of
62185 quasars from SDSS. They also obtained same results.
In fact, the broad mass distribution of the fuelling gas of
the galactic scale can provide enough gas to fuel the AGNs
to have super-Eddington luminosities. Moreover, based on
slim accretion disk model, the rotating accretion disk can
have super-Eddington luminosity (Abramowicz et al. 1988;
Ohsuga et al. 2005; Yang et al. 2014). Therefore, the sub-
Eddington accretion of the AGNs is a problem which should
be solved.
One proposed solution for the problem of sub-
Eddington puzzle is AGN radiative feedback. Nevertheless,
the inefficiency of the radiative feedback for innermost re-
gion of the slim disk is shown by numerical simulation done
by Ohsuga et al. 2005. They showed, by considering radiative
transfer, the central region of the black hole accretion flow
can radiate well above the Eddington luminosity. On par-
sec scale, KP09 showed that the line force can drive strong
wind, however the radiative feedback could not solve the
sub-Eddington puzzle in their numerical results. In this pa-
per, we try to solve this puzzle by adding the re-radiation
force.
The structure of the paper is as follows. We describe
our method, model assumptions, and modifications to the
Liu et al. 2013 work in sections 2 and 3. The results of our
simulations will be given in Section 4. In section 5, we will
discuss and summarize the main results.
2 NUMERICAL METHOD
We perform axisymmetric two-dimensional hydrodynamic
(HD) simulations, by using grid-based multidimensional
code ZEUS-MP (Hayes et al. 2006), which is the massive par-
allel MPI-implemented version of the ZEUS-3D code (Hardee
& Clarke 1992; Clarke 1996). Our basic physical setup is
mostly the same as one used in Liu et al. 2013 (see also
Korusawa & Proga 2008, 2009). We outline our numerical
method and all differences from Liu et al. 2013 below.
2.1 Basic Equations
We consider a SMBH located at the origin of the polar co-
ordinate system which is surrounded by an accretion flow.
To compute the evolution and the structure of the accretion
flow irradiated by the strong radiation from AGN, we solve
the following set of equations,
dρ
dt
+ ρ∇ · v = 0, (1)
ρ
dv
dt
= −∇p− ρ∇ψ + ρFrad, (2)
ρ
d(e/ρ)
dt
= −p∇ · v + ρL, (3)
where ρ, v, p, e, and ψ are mass density, velocity, gas pres-
sure, internal energy density, and gravitational potential,
respectively. We employ the pseudo-Newtonian potential,
ψ = −GM/(r−rs) (Paczyn´sky & Wiita 1980), where M and
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G are the centre BH mass and the gravitational constant,
respectively, and rs ≡ 2GM/c2. The Lagrangian/comoving
derivative is given by d/dt ≡ ∂/∂t+v ·∇. We adopt the adi-
abatic equation of state in the form of p = (γ − 1)e, where
γ is the adiabatic index and is set to be γ = 5/3. Here, Frad
is the total radiation force per unit mass, and L in the en-
ergy equation, Equation (3), denotes the net cooling rate.
Both radiation force and net cooling rate will be described
in more details in the following section.
2.2 Model Setup
To solve equations (1)-(3), we use spherical polar coordi-
nates (r, θ, φ), where r is the distance from the origin of the
coordinates, θ is the polar angle and φ is the azimuthal an-
gle. We set the two-dimensional computational domain of
rmin 6 r 6 rmax and  6 θ 6 pi/2, where  is set to be a
small value to avoid the numerical singularity near the polar
axis. For all the runs presented here, we set rmin = 500r∗,
and rmax = 2.5 × 105r∗, where r∗ = 3rs is the innermost
stable circular orbit (ISCO) of a Schwarzschild BH. We di-
vide the r− θ plane into zones as follows: in r direction, we
have 144 zones with the zone size ratio dri+1/dri = 1.04,
which ensures good resolution near the inner region of our
computational domain. In the θ direction, we have 64 zones
with dθj+1/dθj = 1.0 (i.e., equally spaced grids).
For initial conditions, we adopt the uniform density and
gas temperature everywhere in the computational domain,
i.e., ρ(r, θ) = ρ0 and T (r, θ) = T0. We set the initial ra-
dial and latitudinal components of the velocity to be zero,
vr(r, θ) = vθ(r, θ) = 0, and the angular velocity of the gas is
assigned to have the following specific angular momentum
distribution,
vφ(r, θ) =
{
0 for r < 105r∗
l/(r sin θ) for r > 105r∗.
(4)
where, l is the latitude-dependent specific angular momen-
tum given as,
l(θ) = l0(1− |cos θ|), l0 =
√
GMBHrcir. (5)
Here, rcir is the “circularization radius” on the equatorial
plane. We set rcir = 300r∗, which is much smaller than the
radial inner boundary of our simulation domain. We consider
the relatively small value of rcir to prevent the formation of
a rotationally supported torus in our computational domain
and the complexities associated with it.
The boundary conditions are set as follows. We apply
axisymmetric boundary conditions at the rotation axis (i.e.,
θ = 0) and reflecting boundary conditions at the equato-
rial plane (θ = pi/2). At the inner radial boundary, we
use outflow boundary conditions (e.g., Stone & Norman
1992). At the outer radial boundary, if the gas flows in
(vr(rmax, θ) < 0), all HD quantities except the radial com-
ponent of the velocity, vr, are set to the initial conditions,
i.e., ρ(rmax, θ) = ρ0, T (rmax, θ) = T0, vθ(rmax, θ) = 0, and
vφ(rmax, θ) = l/(rmax sin θ). When vr(rmax, θ) > 0, we use
outflow boundary conditions. This approach is adopted to
mimic the situation where there is always gas available for
accretion and represents steady conditions at the outer ra-
dial boundary.
3 RADIATIVE HEATING/COOLING AND
RADIATION FORCE
3.1 Modeling of the central AGN
We assume that the accretion flow in the central AGN has
two components: a standard thin disc located at the equa-
tor (Shakura & Sunyaev 1973), and a hot corona above the
thin disc. We also assume that the innermost edge of the
disc is located at r∗ and the outer boundary of the disc
is much smaller than the inner boundary of the computa-
tional domain, i.e., rd  rmin. We assume that the disc
only emits optical/UV photons (i.e., Ld = LUV), and the
hot corona only emits X-ray, L∗ = LX. The total luminos-
ity then includes both the luminosity of the disc and the
corona, Lacc = Ld +L∗. Following KP09, we further assume
that the extended disk radiation contributes to the radiation
force due to both line force as well as electron scattering.
Whereas, the corona radiation contributes to the radiation
force only due to the electron scattering (line force contribu-
tions of the corona radiation has been ignored). We define
the parameter f∗ as the ratio of the corona luminosity to
the total luminosity, L∗ = f∗Lacc, and fd = 1 − f∗ as the
fraction of the total luminosity in the disc emission. We set
f∗ = 0.05 throughout this paper.
Since the inner boundary of our computational domain
is far from the outer edge of the disc, rd  rmin, we can
safely adopt point-source approximation,
F∗(r) = L∗
4pir2
=
f∗Lacc
4pir2
, (6)
Fd(r, θ) = 2 |cos θ| fdLacc
4pir2
. (7)
In equation (7), the factor “2” comes from the normaliza-
tion of the flux. In the present work, we do not consider the
UV attenuation due to Thomson scattering, i.e., we assume
τx = τuv = 0 in the calculations of radiation fluxes from
the central engine. This is based on two considerations. The
first reason is as stated in detail in KP09 and references
therein. The calculation of line force adopted here (and also
in other works such as KP09 and Liu et al. 2013) is taken
from a simplified approach proposed in Stevens & Kallman
1990. But this approach is based on the assumption that
the radiation is optically thin. So to be consistent, we ne-
glect the optical depth1. In our parameter regime, optical
depth is dominated by scattering. Unlike true absorption,
scattering merely re-directs the photons. The scattered X-
ray photons must be replenished by photons scattered from
other propagation lines. Indeed, with pure scattering there is
no attenuation, but only re-direction. This is another reason
why we neglect the optical depth.
3.2 Mass accretion rate and accretion luminosity
In our simulation, at each time step, the accretion lumi-
nosity will be updated self-consistently based on the mass
accretion rate, M˙a(t), calculated at the inner boundary of
1 We do include the X-ray optical depth when we calculate the
ionization parameter
MNRAS 000, 1–?? (2002)
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our computational domain, rmin. The accretion luminosity
is then,
Lacc(t) = ηM˙a(t)c
2, (8)
where η is the radiative efficiency and set to be η = 1/12
in this paper since we assume the disc is described by the
standard thin disc model. Following KP09 and Liu et al.
2013, the time averaged mass accretion rate can be expressed
as,
M˙a(t) =
∫ t−τ
t−τ−∆t M˙(t
′)dt′∫ t−τ
t−τ−∆t dt
′ , (9)
where τ denotes a time lag between the change of the mass
accretion rate and the change of the accretion luminosity
from the central engine. Since the standard thin disc model
is considered here, the lag time can be approximated by
accretion time scale as tacc ≈ rd/vr = rd/(αcsH/rd). Here,
cs is the isothermal sound speed, H is the half thickness
of the disc and α is the viscosity parameter. According to
our settings, the lag time will be approximately τ ≈ 109
seconds2. By setting ∆t = τ the denominator of the equation
(9) becomes τ .
3.3 Radiative cooling/heating
The net cooling rate in the energy equation consists of four
heating/cooling terms including Compton heating/cooling,
(GComp), X-ray photoionization heating and recombina-
tion cooling, (GX), cooling via line emission (Lline) and
bremsstrahlung cooling (Lbrem). The net cooling rate is as
follows (Blondin 1994):
ρL = n2 (GComp +GX − Lline − Lbrem) , (10)
where
GComp = 8.9× 10−36ξ (TX − 4T ) , (11)
GX = 1.5× 10−21ξ1/4T−1/2 (1− T/TX) , (12)
Lline =
[
1.7× 10−18 exp(Tl/T )ξ−1T−1/2 + 10−24
]
δ, (13)
Lbrem = 3.3× 10−27T 1/2, (14)
where n = ρ/(µmp) is the number density of the local gas
located at the distance r from the AGN, mp denotes the pro-
ton mass, and µ is the mean molecular weight which is set
to be 1. In the above equations, TX = 8×107 K is the “char-
acteristic temperature” or “Compton” temperature of the
X-ray radiation (Sazonov et al. 2004) and Tl parameterizes
the line cooling temperature (Tl = 1.3×105 K). The param-
eter δ in the line cooling rate is used to control line cooling
(δ < 1 represents optically thick cooling and δ = 1 repre-
sents optically thin cooling). We set δ = 1. In general, the
line cooling dominates over the other cooling processes. Ac-
cording to the Blondin formula, the net cooling rate depends
2 It should be noted here that the results are not so sensitive to
the value of τ .
on the gas temperature, T , density, and the photoionization
parameter ξ. The photoionization parameter is expressed as,
ξ ≡ f∗Lacc
nr2
e−τx , (15)
where,
τx =
∫ r
rmin
ρκxdr. (16)
Here, τx is the X-ray scattering optical depth in the radial
direction, and κx = 0.4 cm
2g−1 is the opacity.
3.4 The radiation force
Both the photons from the central AGN and those locally
produced can exert radiation force on gas, so
Frad = Fc + Fre, (17)
where Fc denotes the radiation force due to the central AGN
and Fre denotes the re-radiation force due to the locally
produced photons.
Let us first calculate Fc. First, since the gas is not fully
ionized, there should be a force corresponding to photoion-
ization heating-recombination cooling (e.g., Liu et al. 2013
and references therein):
E˙X/ρc = n
2GX/ρc. (18)
For the optical/UV radiation from the AGN, there are
two components of force, which are due to Thomson scat-
tering and line force, respectively,
Fc,o = 2
κes
c
Lacc
4pir2
fd[1 +M(t)] |cos θ| rˆ. (19)
In the above equation, M represents the force multiplier
(Castor et al. 1975) that is to parameterize how much spec-
tral lines increase the scattering coefficient (see Proga et al.
2000 for more details).
For the X-ray radiation from the AGN, we only consider
the force due to Thomson scattering:
Fc,X =
κes
c
Lacc
4pir2
f∗rˆ. (20)
The total force due to radiation from the central AGN
is,
Fc =
n2GX
ρc
+ Fc,o + Fc,X. (21)
Compare this equation with equation (13) in Liu et al. 2013,
the difference is that we now correctly include the force due
to Thomson scattering of X-ray photons from the central
AGN. We expect that the wind will become stronger as a
consequence.
The calculation of the re-radiation force (the second
term in equation (17)) is exactly the same as that in Liu
et al. 2013. For convenience, we briefly introduce as follows.
The plane-parallel approximation is adopted in our simple
radiative transfer calculation. In this case, the re-radiation
force will be in z-direction. By applying the Gauss theorem,
the vertical radiative force is described by,
Fre =
κes
c
∫ z
0
(
Sc + n
2Lbrem + n
2Lline
)
dz (22)
MNRAS 000, 1–?? (2002)
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where
Sc = ρκes · Lacc
4pir2
[f∗ + 2 fd |cos θ|] (23)
is the source term due to the first-order scattered photons
of the radiation from the central AGN.
4 RESULTS
We have performed 10 simulations with different values of
ρ0 and T0 at the outer boundary to explore the effects of
these parameters (see columns 3 and 4 of Table 1). The
model parameters and some basic results are summarized in
Table 1. In models 1, 2, 3 and 4, the calculation of radiation
force due to central AGN X-ray photons is the same as that
in Liu et al. 2013. In models 5-10, we use the new formula
to calculate the radiation force due to central AGN X-ray
photons (see Section 3.4). To quantitatively study the flows,
we calculate the mass inflow, outflow, and net rate as follows,
M˙in(r) = 4pir
2
∫ pi/2
0
ρmin(vr, 0) sin(θ) dθ, (24)
M˙out(r) = 4pir
2
∫ pi/2
0
ρmax(vr, 0) sin(θ) dθ, (25)
M˙net(r) = 4pir
2
∫ pi/2
0
ρ vr sin(θ) dθ. (26)
The time-averaged accretion luminosity and mass outflow
rate are given in columns 5 and 6 of Table 1, respec-
tively. The last column of Table 1 gives the ratio of mass
outflow rate at the outer boundary (rmax) to the mass
accretion rate at the inner boundary (rmin), i.e., ηw =
M˙out(rmax)/M˙a(rmin).
4.1 The fiducial run
We choose model R7a from Liu et al. (2013) and compare it
with its “updated” version, i.e., the fiducial model in our
paper model M7. The parameters are: MBH = 10
8M,
r∗ = 3rs = 8.8 × 1013 cm, LEdd = 1.25 × 1046erg s−1,
ρ0 = 5.0 × 10−20 g cm−3, and T0 = 2.0 × 106 K. The only
difference between models M7 and R7a lies in the calcula-
tion of radiation force due to X-ray photons from the central
AGN, as we state in Section 3.4.
Figure 1 shows the comparison of some model results
between the two models. The top two panels show the radial
profiles of the mass inflow, outflow and net rates. The bot-
tom two panels, from left to right, show the radial profiles
of gas density and temperature, respectively. They are aver-
aged over three grids above the equatorial plane. The con-
tours of the gas density and temperature of the two models
are shown in Figure 2.
Comparing the top-left and top-right panels of Figure
1, one can see that overall in model M7 the outflow rate
becomes larger compared to model R7a, and the inflow rate
at the inner boundary of the simulation domain becomes
smaller. In model R7a, the inflow rate decreases from the
outer boundary to 6× 104r∗; while in model M7, the inflow
rate keeps decreasing from the outer boundary to the inner
boundary. This is consistent with the fact that at small radii,
the outflow rate in model M7 is larger than that in model
R7a. For example, at ∼ 2× 103r∗ the outflow rate in model
R7a is 0.2 × 1025g s−1, while it is 20 × 1025g s−1 in model
M7. The result is consistent with the left column of Figure 2.
In this figure, we can see that compared to model R7a, the
dense outflow region can reach to a much smaller θ angle in
model M7. In addition to the difference of mass flux between
the two models, in model M7 the density and temperature of
the gas around the equatorial plane become lower compared
to model R7a.
To explain the above results, we plot the forces (nor-
malized by gravity) in both radial and vertical directions in
Figure 3. This Figure has four panels. The top two panels
are for model M7. The bottom two panels are for model R7a.
In the left panels we plot the sum of the radiation force due
to Thomson scattering of X-ray photons from the central
AGN (Fc,X) and the line force due to the UV photons from
the central AGN (Fc,o). We note that the line force (Fc,o) is
significantly stronger than Fc,X. In the right panels, we plot
the re-radiation force in the vertical direction due to Thom-
son scattering (Fre). It is clear that the re-radiation force
(Fre) in the vertical direction is significantly stronger than
the line force (Fc,o) in the radial direction. The re-radiation
force can be decomposed into two forces, one is in the ra-
dial direction (Fre,r), the other one is in the theta direction
(Fre,θ). Fre,r is significantly larger than the line force due
to the UV photons from the central AGN (Fc,o). Therefore,
in the present paper, the outflows are mainly driven by the
re-radiation force. If the re-radiation force is not included,
outflows can also be driven by the line force (Fc,o), but the
mass flux of the outflow will be much smaller (see the com-
parison in Figure 1 of Liu et al. 2013).
From Figure. 3, we can see that the re-radiation force
in the vertical direction in model M7 is much stronger than
that in model R7a. Therefore, in model M7, gas can be more
easily pushed to high latitudes. This is the reason that in
model M7 the gas density at the mid-plane is lower. The
gas density in the outflow region in model M7 is higher.
Thus, the outflow mass flux in model M7 is higher. Because
of the stronger mass loss in outflow in model M7, the radial
density profile becomes flatter, thus the compression heating
becomes weaker. This is why the temperature of the gas
in model M7 becomes lower (see the bottom-right panel of
Figure 1 and Figure 2). From Eq. (22), we can see that
in the re-radiation force, there are three terms. We have
calculated the individual terms and found that the largest
term is the one related to the line cooling. In model M7, the
gas density in outflow region is higher and temperature is
lower. Therefore, the line cooling is stronger (see Eq. 13) in
model M7, which induces a stronger re-radiation force.
Additional properties of the outflow for the fiducial runs
have been shown in Figure 4. In this figure, similar to the
Figure 5 in Liu et al. (2013), we show the time-averaged
angular and radial profiles of some outflow properties. Red
and blue colours represent M7 and R7a models, respectively.
The first row, from left to right, shows the angular distribu-
tion of the mass flux and density at the outer boundary of
the simulation domain, i.e, ∼ 6pc. We can see that no out-
flow is present in the range of θ > 68◦. Compared to model
R7a, the main mass flux of the outflow in M7 occurs in a
broader range of angles, 20◦ < θ < 68◦. The time-averaged
MNRAS 000, 1–?? (2002)
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Table 1. Summary of models with different parameters.
Run Model ρ0 T0 Lacc M˙out(rmax) ηw
Number (10−21 g cm−3) (106 K) (LEdd) (1025 g s−1)
(1) (2) (3) (4) (5) (6) (7)
1 R5a 10 2 0.77(0.04) 37.95(8.71) 2.88(0.70)
2 R6a 20 2 1.19(0.16) 67.30(10.90) 3.35(0.78)
3 R7a 50 2 2.02(0.02) 139.13(5.03) 3.99(0.14)
4 R8b 100 2 3.14(0.27) 202.05(28.40) 3.75(0.59)
... ... ... ... ... ... ...
5 M5 10 2 0.79(0.1) 46.84(6.5) 3.62(1.33)
6 M6 20 2 1.01(0.02) 82.46(16.3) 4.89(0.35)
7 M7 50 2 1.64(0.08) 134.12(29.75) 4.93(0.4)
8 M8 100 2 1.97(0.46) 404.05(38.13) 12.44(1.51)
... ... ... ... ... ...
9 M9 10 20 1.29 (0.01) 123.14(8.65) 5.71(0.78)
10 M10 50 20 2.61(0.07) 1000.48(16.64) 23.15(3.34)
Note. Values in parentheses in Columns 5, 6 and 7 are the normalized standard deviations σn of the time series values.
angular profiles of density for the two models are similar.
The middle-left panel shows the radial profile of the mass
flux-weighted radial velocities of the outflows. We can see
from the figure that the velocity increases sharply with ra-
dius in the innermost region. The velocity reaches its max-
imum values around ∼ 103r∗. At larger radii, the velocity
decreases with increasing radius. Such a decrease is mainly
due to the injection of new gas into the outflow at large ra-
dius. We note that in model M7 the decrease of velocity at
large radii occurs only until 6 × 104r∗, while in model R7a
it occurs at a much smaller radius, 4 × 103r∗. Overall, the
velocity of outflow in model M7 is significantly larger than
that in model R7a. This is because of the enhancement of the
radiation force in model M7. The middle-right panel shows
the angular distribution of outflow velocity at 6 pc. We can
see a similar behaviour in two models except for a sudden
drop near the polar region.
We define fluxes of momentum, kinetic energy, and ther-
mal energy of outflow as follows,
p˙w(r) = 4pir
2
∫ pi/2
0
ρv2r sin(θ) dθ for vr > 0, (27)
E˙k(r) = 2pir
2
∫ pi/2
0
ρv3r sin(θ) dθ for vr > 0, (28)
E˙th(r) = 4pir
2
∫ pi/2
0
evr sin(θ) dθ for vr > 0, (29)
The solid and dotted lines in the bottom-left panel of Figure
4 show the radial profiles of these quantities in both models.
In accordance with the mass flux and velocity of wind in
the two models shown above, the momentum flux of wind
in model M7 is much larger than that in model R7a. Also
shown in the figure is the momentum flux of radiation from
the AGN for comparison purpose. It can be seen that the
momentum flux of radiation is higher than that of outflow at
all radii. This is reasonable. In both models, the momentum
flux of wind, p˙w, increases with increasing radius and gets
closer to the radiation flux with the increasing radius. The
percentage of the radiation momentum flux entrained by the
wind is even as high as ∼ 60% for model M7. This value is
much higher than that of model R7a. The reason is that,
as we can see from Figure 2, the density of the gas in the
wind region in model M7 is higher than that of model R7a
so more radiation momentum can be captured by wind in
model M7. The bottom-right panel of Figure 4 shows the
kinetic (E˙k) and thermal energy fluxes (E˙th) of the outflow.
The kinetic energy of outflow in model M7 is about 10 times
higher than that in model R7a. In both models, the kinetic
energy flux is much higher than the thermal energy flux so
the wind motion is supersonic.
The top panel of Figure. 5 shows the time evolution of
AGN luminosity in unit of Eddington luminosity, Lacc/LEdd
for models M7 and R7a. Column 5 in Table 1 also shows the
corresponding time-averaged luminosities with the standard
deviations σn. One problem Liu et al. 2013 hoped to solve by
investigating the line-force driven wind is the so-called sub-
Eddington puzzle. That is, observations show that the lumi-
nosity of almost all AGNs are sub-Eddington (Kollmeier et
al. 2006; Steinhardt & Elvis 2010), while theoretically the lu-
minosity of an accretion flow can easily be super-Eddington
given the abundant gas supply in galactic center region. This
puzzle is not solved in Liu et al. 2013, i.e, the wind is not
strong enough to reduce the AGN accretion rate. Although
the line force is increased in the present work, the luminos-
ity in model M7 is still super-Eddington, Lacc/LEdd ∼ 1.64.
Thus the sub-Eddington puzzle has not be solved by these
modifications. One reason may be that the accretion rate
should continue to decrease within the inner boundary of
our simulation domain. Another reason is that in addition
to radiation which we have included here, the AGN will also
produce winds and these winds will also interact with the
gas in our simulation domain and reduce the accretion rate
(e.g., Ciotti & Ostriker 1997, 2001, 2007; Yuan et al. 2018;
Bu & Yang 2019).
4.2 The effects of gas temperature and density
We study the effect of T0 and ρ0 in this section. The cor-
responding models are presented in Table. 1. The bottom
panel of Figure 5 shows the time evolution of the accretion
MNRAS 000, 1–?? (2002)
Radiation-driven outflow in AGNs 7
r/r∗
102 103 104 105 106
M
a
ss
F
lu
x
(1
×
10
25
g
s−
1
)
10-1
100
101
102
103
 inflow rate
 outflow rate
 net rate
r/r∗
102 103 104 105 106
D
en
si
ty
(1
×
10
−
1
8
g
cm
−
3
)
10-1
100
101
102
103
 R7a
 M7
r/r∗
102 103 104 105 106
T
em
p
er
at
u
re
105
106
107
108
 R7a
 M7
r/r∗
102 103 104 105 106
M
a
ss
F
lu
x
(1
×
10
25
g
s−
1
)
10-1
100
101
102
103
 inflow rate
 outflow rate
 net rate
(M7) (R7a)
Figure 1. Comparison between models R7a and M7. The only difference between models M7 and R7a lies in the calculation of radiation
force due to X-ray photons from the central AGN (see Section 3.4). Top panel: the radial profiles of mass inflow rate (blue solid lines),
outflow rate (red solid lines) and the net rate (black dotted lines) in unit of 1025g s−1. Bottom panel: the radial profiles of gas density
(left panel, in unit of 10−18g cm−3) and temperature (right panel, in unit of K ) averaged over three grids above the equatorial plane.
The data are time-averaged.
luminosity for models M5 (green line), M7 (red line), M9
(blue line), and M10 (black line). Figure 6 shows the snap-
shots of contours of gas density and temperature of models
M5, M9 and M10.
From Figure 5, we see that with the increase of ρ0, the
accretion luminosity increases. This is not surprising. What
is interesting is the effect of T0. From model M5 to M9 and
from M7 to M10, the only change is the increase of T0. We
can see from Figure 5 that the increase of T0 has two ef-
fects. One is the increase of luminosity; another one is that
the light curve becomes very smooth. These two effects are
related with each other, as we explain below. To explain
such effects, the key point is that the value of the line force
is a function of gas temperature (see Proga et al. 2000 for
details). When T0 increases from 2× 106K to 2× 107K, the
line force significantly decreases. Consequently, as we can
see from Figure 6, the inflow region becomes much wider,
from θ ∼ 60◦ − 90◦ in model M5 to θ ∼ 30◦ − 90◦ in model
M9. This explains why the accretion rate and subsequently
the luminosity increases. In model M9, when the accreting
gas reaches the innermost region, its density becomes very
large and temperature significantly decreases because of the
strong radiative cooling. Radiative line force then begins to
play its role and produce an outflow. This is the origin of
the high-density filament-like outflowing structure seen in
model M9 at θ ∼ 30◦.
In model M5, the temperature in all θ region is not high
so the line force can play its role in all these region. Conse-
quently, when luminosity becomes strong the line force also
becomes strong; thus accretion can be suppressed and lumi-
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Figure 2. Snapshots of contours of logarithmic gas density (left column) and logarithmic temperature (right column) at the steady
state.
nosity decreases. This results in a weaker line force and sub-
sequently stronger accretion and luminosity. This explains
why we see strong fluctuation in the light curve of model
M5. Compared to model M5, in model M9, the difference
of temperature of inflow and outflow is significant and the
two regions are spatially well separated. The temperature
in the inflow region is always high, while the temperature
in the outflow region is always low. So there is almost no
fluctuation in this model and the light curve is smooth.
4.3 Observational implications
Outflow is widely observed in different kinds of AGNs, usu-
ally in the form of blue-shifted absorption lines (BAL) (e.g.,
Crenshaw et al. 2003; Tombesi et al. 2010, 2012a,b; Kaastra
et al. 2012; Gofford et al. 2015; He et al. 2019). In Gofford et
al. 2015, they performed a systematic analysis to the outflow
properties in a sample of 51 Sukaku-observed AGNs. They
found that the properties of wind cover a large range. Typi-
cally they are detected at distance from ∼ 0.001− 1 pc, the
outflow velocity is in the range between 0.01−0.1c, the mass
outflow rate falls between 1024 − 1026g s−1, and the kinetic
luminosity of wind ranges between 1043 − 1045erg s−1.
We now examine whether the observed wind properties
are consistent with our theoretical predictions. We choose
M5 since its corresponding accretion luminosity is 79%LEdd,
which is close to the typical luminosity of a luminous AGN as
sampled in Gofford et al. 2015. We find that the typical out-
flow velocity is 0.02c, the outflow mass flux becomes signifi-
cant from 0.07pc, the maximum mass outflow rate achieved
at the outer boundary is ∼ 4.7 × 1026g s−1 (Table 1), and
the kinetic luminosity of outflow is ∼ 3 × 1043erg s−1. All
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Figure 3. Comparison between total forces in radial (Fc) and vertical (Fre) directions for models R7a and M7. The forces are in units
of the BH Newtonian gravity (Fgrav = GM/r2). The left panels represent the sum of the radiation force due to Thomson scattering of
X-ray photons from the central AGN (Fc,X) and the line force due to the UV photons from the central AGN (Fc,o). The right panels
show the re-radiation force in vertical direction due to Thomson scattering (Fre).The lines in the left column show the location where
log10(Fc/|Fgrav|) = 0.
these values are roughly in the observed range of outflow
properties.
As we explained in subsection 4.1, the outflow found in
this paper is driven by both the line force and re-radiation
force. The properties of the outflows are consistent with ob-
servations (Gofford et al. 2015). Therefore, the BAL winds
in AGNs may be driven by the combination of line and re-
radiation forces. As mentioned above, if re-radiation force
is neglected, outflow can be driven by line force. However,
in this case, the mass flux of outflow is lower. Therefore,
we cannot eliminate the possibility that the observed BAL
outflow is driven by line force. We can then conclude that
with the help of re-radiation force, the BAL outflow can be
stronger.
5 SUMMARY AND DISCUSSION
In this paper, we have investigated the dynamics of accretion
flow with the irradiation from the central AGN by perform-
ing two-dimensional hydrodynamical simulations. We focus
on relatively large radii, with the simulation domain rang-
ing from 0.01 − 7 pc. The mass of the central black hole is
MBH = 10
8M. The central engine has two components, i.e.,
a standard thin disc and a spherical hot corona, which emits
optical/UV and X-ray radiation. Both the optical/UV and
X-ray photons can produce a radiation force by Thomson
scattering. Moreover, the optical/UV photons can also pro-
duce a line force, since the gas is not fully ionized thus the
interaction cross-section is significantly amplified compared
to the pure Thomson scattering. The main improvement in
our present work compared to our previous one (i.e., Liu
et al. 2013) is that we now correctly include the radiation
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Figure 4. Properties of outflow in models M7 (red lines) and R7a (blue lines). Top: the angular distribution of the mass outflow rate
(top-left panel, in unit of 1025g s−1; defined as M˙out(θ) = 2pir2ρ max(vr, 0)sin(θ)∆θ) and density (top-right panel, in unit of 10−21g s−1
at the outer boundary of the simulation domain; Middle: the radial profile of the mass flux-weighted radial velocity of the outflow (left
panel, in unit of cm s−1) and angular distribution of the outflow velocity (right panel, in unit of cm s−1); Bottom-left: the radial profile of
the momentum flux of the outflow (in unit of 1032 g cm s−2; solid lines) and radiation flux from the central AGN (Lacc/c; dotted lines).
Bottom-right: the radial profile of the kinetic (the solid lines) and the thermal (dotted lines) energy fluxes in unit of 1040 ergs s−1. All
the lines in this figure are time-averaged.
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Figure 5. Time evolution of the AGN luminosity in unit of Eddington luminosity LEdd for different models. Top panel: comparison
between models R7a and M7. Bottom panel: The green, red, blue and black lines correspond to models M5, M7, M9 and M10, respectively.
force corresponding to the Thomson scattering by the X-ray
photons (equation 21 in section 3.4).
Taking a fiducial model M7 as an example, we find that
such an update of the radiation force results in an enhance-
ment of the mass outflow flux compared to the previous cor-
responding model (i.e., model R7a in Liu et al. 2013) (Fig.
1). We have calculated the total forces in the radial and
vertical directions in Fig. 3. we find that the re-radiation
force in vertical direction in model M7 is much stronger
than that in model R7a. Correspondingly, the mass inflow
rate decreases, and the temperature and density of the gas
around the equatorial plane also change somewhat (Fig. 1).
The typical velocity of outflow also increases in model M7
in most region by a factor of a few (middle panel of Fig.
4). Because of the increase of mass outflow rate and veloc-
ity, the momentum flux and kinetic flux of outflow increases
roughly by a factor of 10 (bottom panel of Fig. 4). For model
M7, the momentum flux of outflow is as high as 60% of the
momentum flux of radiation. This percentage is significantly
higher than model R7a. This is because the density of out-
flow in model M7 is higher thus can entrain the momentum
of more photons.
We have also examined the effects of density and tem-
perature of the gas in the initial state of our simulations, ρ0
and T0. We find that the effect of T0 is interesting. When
T0 becomes higher, the inflow rate increases (Fig. 5). This
is because the line force becomes weaker due to the increase
of T0 thus accretion becomes stronger. Moreover, when this
gas is accreted into the innermost region, the density be-
comes high and thus temperature decreases (Fig. 6) so the
line force becomes strong; a strong outflow will be produced
there. Such an outflow has a filamentary-like structure (Fig.
6) and the outflow region is well separated from the inflow
region. This results in a smooth light curve of the accretion
luminosity, rather than the fluctuated light curve when T0
is lower (bottom of Fig. 5).
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Figure 6. Snapshots of contours of logarithmic gas density (left-hand column) and logarithmic temperature (right-hand column) corre-
spond to models M5, M9 and M10, respectively. The density over-plotted with the directions of poloidal velocity as arrows (left column).
The figures are placed in order of increasing density and tempruture at r = rmax (see Table 1).
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We have also compared the properties of outflow ob-
tained in our simulations with those outflow obtained from
blue-shifted absorption line observations (Gofford et al.
2015). These properties include the mass outflow rate, ve-
locity, and kinetic luminosity at a given distance from the
central black hole. While the observed range is large, we
find that our simulation results are well within the observed
range. Thus the combination of radiation line-force and re-
radiation force we have studied in this work could be a can-
didate mechanism for the widely observed outflow in AGNs.
There are several caveats in this study. One is that
our approach for calculating the radiation and re-radiation
forces is rather simple. In principle, the full radiation trans-
fer calculation is desirable. Simulations with radiative trans-
fer are expensive but more realistic. Another caveat here is
that, we do not include the interaction of radiation with
dust. The photon-dust interaction can enhance the mass
flux of outflow. In the present work, we only consider the
low-angular momentum case. Next step, we will consider
the case of a large-angular momentum. In this case, a rota-
tionally supported disc will be formed and the dynamics of
accretion flow may change. Another important case one may
consider is the effect of magnetic field. Usually the inclusion
of magnetic field will enhance the outflow significantly. It
will be interesting to study outflow by combining the radia-
tion and magnetic field.
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